SR 2014, 'Demonstration of broad photonic crystal stop band in a freely-suspended microfiber perforated by an array of rectangular holes ' Optics Express, vol. 22, no. 3, pp. Abstract: It is shown that photonic crystal (PhC) optical reflectors with reflectance in excess of 60% and fractional bandwidths greater than 10% can be fabricated by ion beam milling of fewer than ten periods of rectangular cross section through-holes in micron-scale tapered fibers. The optical characteristics agree well with numerical simulations when allowance is made for fabrication artifacts and we show that the radiation loss, which is partly determined by optical interference, can be suppressed by design. The freely-suspended devices are compact and robust and could form the basic building block of optical cavities and filters.
Introduction
Silica optical fibers are without doubt the most important type of optical waveguide by virtue of their excellent transparency, ease of functionalization by microstructuring or doping, and straightforward, low loss integration [1] . In the emerging area of nanophotonics microfiber devices such as high Q, small mode volume cavities, created by tapering and structuring of conventional fibers, are potentially important tools because the low refractive index of silica leads to a substantial evanescent field outside the waveguide and they are freely positionable, thus allowing stronger interaction with and more flexible access to micro-or nano-scale optical components and materials outside the waveguide. In comparison, high index semiconductor-based optical waveguides such as silicon wires are not easily reconfigurable because they have to be attached to a supporting substrate and need additional coupling optics. In addition they have weak evanescent fields and usually exhibit much higher propagation loss due to material absorption and sidewall roughness [2] . Despite such disadvantages, nearly all nano-photonic devices have so far been based on semiconductor platforms. This can be partly ascribed to the easy creation of high Q, small volume cavities in high-index waveguides as a result of the large index difference between semiconductor and air. It is recognized that such cavities are a prerequisite for enhanced light-matter interactions and high-density photonic integration. As an example, a broadband Fabry-Perot cavity in a silicon wire formed by periodic removal of material [3] only requires a few silicon-air periods to make each mirror [we call this basic building block a photonic crystal (PhC) reflector] so that the cavity length can be very short. In contrast, to do the same in a conventional germanium-doped silica fiber Bragg grating (FBG) requires hundreds of periods [4, 5] , the effective cavity is thus much longer due to the substantial field penetration into the mirrors, and the bandwidth is small. This is simply because of the low index contrast in the silica-doped silica system.
Employing microfiber, which can be precisely tapered down from a conventional fiber, and then manufacturing structures by etching away selected portions seems like a good solution to improve the refractive index contrast in a fiber-based approach. Plasma etched corrugations were first made and tested on the surface of 10 m thick microfibers [6] but strong PhC effects in this simple prototype reflector, were not observed. Later, Liu et al [7] and Nayak et al [8] adopted the more versatile focused ion beam (FIB) milling technique to make PhC reflectors in microfibers. In Liu et al's work, shallow gratings were used but the fractional reflection bandwidth was less than 0.3%. Nayak et al pushed this value to ~2% by creating deeply-indented recesses on both sides of a sub-wavelength fiber. However, both these groups restricted the depth of the etched structures to retain mechanical strength. In order to further raise the index contrast, drilling air holes into the central region of the microfiber, where the field of the guided wave is highest, is a possible way forward, as demonstrated by Ding et al [9] who created a PhC reflector with a reflection bandwidth of ~10% by milling an array of biconvex cross-section air-holes in a 1.34 µm diameter fiber. However, in the latter work a substrate was required for mechanical support which so that applications are very limited compared with a freely suspended fiber. The contact of the microfiber with the supporting material also causes serious light leakage, which greatly degrades the spectral performance.
In order to resolve the conflicting requirements of high index contrast and mechanical strength, in this letter, we report work on a slightly bigger diameter (1.7 µm) microfiber with a PhC reflector made using rectangular through-holes and find that a broad reflection bandwidth (~20%) and robust freely-suspended operation can be combined. The symmetrical shape of our etched holes prohibits energy coupling to odd-parity modes and requires us to adopt single-even-mode rather than conventional single-mode condition, which we show is an advantage in that larger diameter fibers can be used. We also measure the radiation losses in the centre of the stop band of such a PhC reflector and show that the variation with the number of periods can be explained as an interferometric process which could be exploited to lower the total radiation loss by careful choice of the number of periods. Figure 1 plots the wave vector diagrams of periodic quarter-wave stacks consisting of silicon/air [ Fig. 1(a) ], silica/air [ Fig. 1(b) ], and silica/germanosilicate [ Fig. 1(c) ]. The central wavelengths of their stop bands and the refractive index difference between silica and germanosilicate are 1.55 m and 0.01 respectively. A transfer matrix method was employed to calculate the real and imaginary () parts of the wave vector (k) of the Floquet-Bloch wave as a function of the vacuum wavelength (0). From Fig. 1 , it is seen that the peak value of  and the width of the stop band in the silicon/air stack are three times of those in the silica/air stack and ~150 times greater than those in the silica/germanosilicate stack (The fractional bandwidths are 0.74, 0.24, and 0.0042 respectively). From this comparison, a silica/air periodic structure should behave similarly to a silicon/air one. Figure 2 (a) depicts an adiabatically tapered fiber drawn from a conventional single-mode fiber (SMF). The core mode of the SMF on the left is converted to the fundamental mode in the taper waist, and then converted back to the core mode of the SMF on the right with very high efficiency [10] , verified by the measured insertion loss less than 0.1 dB. As required by the mode orthogonality, any higher-order mode generated in the taper waist region will be converted to radiation or cladding modes in the SMF which are heavily attenuated at the lossy interface between the silica cladding and the polymer coating [6] . When rectangular holes are drilled through the central region of the fiber taper, the structural symmetry prohibits energy conversion from the fundamental mode (HE11) to the first three odd modes (TE01, TM01, HE21). This relaxes the usual condition for single-mode operation ( 2.402 V  ) to that for the single-even-mode ( 3.832 V  ) [11] , allowing us to use somewhat thicker and stronger tapers. A thicker microfiber also mitigates against any contamination-induced device degradation. In this work, we fix the diameter of the microfiber to be ~1.7 m and the working wavelength to 0 = 1.55 m [the black dashed line in Fig.   2 (b)], where only the fundamental and the first three higher-order guided modes exist, while the latter three guided modes are not excited.
Device designs

Experiments and simulations
The lengths of each taper transition and the taper waist are ~20 mm. As shown in Fig. 3 (a), nine rectangular holes (1.04×0.16 m 2 ) are milled along a 1.72 m-thick section of fiber taper with a period, 0.63 m. The dimensions are determined by scanning electron microscopy. During the milling, a clean silicon wafer serves as a conducting substrate and reduces charging effects. Neither metal nor dielectric coatings [9] are employed to avoid any contamination. The beam spot size and depth of focus of our FIB facility (FEI DB235) are 14 nm and 10 m respectively. After milling, the fiber taper was detached from the silicon wafer. Although the etched holes occupy 72% of the overall cross section, the microfiber device exhibits surprisingly robust mechanical strength when detached from the substrate. [12]) of our periodic waveguide is estimated to be greater than 10%, which agrees well with the spectral measurements. For further comparison, Figs. 3(b) and 3(c) also show finite-difference time-domain (FDTD) simulated results for two polarizations together with their averages. In the simulation, two 1.26 m diameter microfibers, whose single-even-mode ( 3.832 V  ) operation condition covers the wavelength region 0 >1.1 m, are used as the input and output waveguides. Via two adiabatic transitions, they are connected with a 1.72 m-diameter microfiber containing an array of perfectly rectangular through-holes. Such a configuration mimics experiment by ensuring that only the fundamental mode (HE11) contributes to the spectra. Without these fictitious input and output microfibers, even higher-order modes (EH11, HE31…) will contribute to the transmittance and reflectance in the simulation. Note that, in the short wavelength region (0 <1.46 m), the HE11 mode couples to these even-parity higher-order modes in the structured microfiber region, while in experiments these modes are converted to cladding modes in the SMF and are strongly attenuated. It can be seen that the peak wavelength and the positions of the first-minima on either side in the measured reflectance spectrum agree well with the simulated result in Fig. 3(b) . The fractional bandwidth is ~20% which is one order of magnitude greater than previously reported for a freely-suspended microfiber reflector [8] . The average modal index in the PhC region is Ñeff = 0/(2) ≈ 1.23, which is approximately equal to the arithmetic mean of the simulated local modal indices of the unetched ( () n n n  = 0.2, is much greater than that in Ref. [8] (n0/n0 = 0.01) and leads to a significantly larger reflection bandwidth. The calculated difference in the peak reflectance in TM and TE polarizations [~0.6 dB comparing the blue and the red lines in Fig. 3(b) ] is also close to that observed by monitoring the reflected power at the peak wavelength whilst rotating the paddles of an in-line polarization controller. The only significant discrepancy between measurement and simulation is the lower measured peak reflectance (0.60 compared with 0.77), which may be attributed to non-ideal fabrication.
The measured transmission spectrum in Fig. 3(c) shows a dip at the wavelength 0 ≈ 1.55 m in accord with the simulation, but the transmission at shorter wavelengths is much lower than predicted. As mentioned above, for wavelengths shorter than 1.46 m coupling between the HE11 mode and even-parity higher-order modes becomes important whilst below 1.42 m the HE11 mode starts to couple with the radiation mode because the wavevector of the corresponding Bloch mode falls into the air light cone [13] [see Fig. 4(a) ]. Both of these effects will degrade the transmission. However, they have been taken into account in the simulations so that we believe the discrepancy between the measurement and simulation in Fig. 3(c) is due to the loss induced by a small tilt of the inner walls of the etched holes which is an artifact of the ion beam etching. The shape of the hole is trapezoidal, and the estimated angle between two walls is ~ 9º. Preliminary tests show that this angle can be reduced by further optimization of the fabrication process. Figure 4 shows the wave-vector diagrams of our device and that described in Ref. [8] calculated using a commercial plane-wave-expansion band solver. The stop bands (red lines) of these two periodic structures exhibit fractional bandwidths of ~9.3% and ~1.0% respectively. Both lie outside of the air light cones (the gray areas in Fig. 4) , which verifies the existence of leakage-free Bloch guided modes. In contrast, the light cone for n ~ 1.373 (the green area) covers the stop band in Fig. 4(a) . This corresponds to the situation in Ref. [9] and may explain why the reflected spectrum in that work exhibits unwanted structure since coupling to high order modes in the polymer cladding is then allowed. Although exhibiting strong photonic crystal effects, our structured microfiber suffers from radiation loss, as revealed by the non-complementary transmittance and reflectance spectra [ Fig. 3(d) ]. Apart from the already mentioned loss associated with unintentional fabrication artifacts there is additional loss associated with the transitions between structured and unstructured fiber, as pointed out in Ref. [14] . Simulations show that although an incident guided wave in the unstructured fiber predominantly couples to the Bloch wave in the PhC waveguide section, changes in effective modal index can give rise to significant coupling to forward-tilted radiation modes at the interface between these two sections. Similar energy coupling to forward-tilted radiation modes also occurs when the Bloch wave leaves the PhC section. In Ref. [15] , we analyzed the interference between such radiated waves in a low-index PhC waveguide and pointed out that it can be engineered by adjusting the length of the PhC section in order to couple part of the radiated energy back into the waveguide. We have examined this hypothesis experimentally by constructing a series of microfiber-based PhC reflectors with the same dimensions as above except for different numbers of periods, N. Radiation loss at the center of the stop band in each device was estimated from the measured transmittance and reflectance spectra with the result shown in Fig. 5 . The undulation in the radiation loss with varying N is a signature of interference and the position of the maximum radiation loss at N = 4 is very close to that predicted in Ref. [15] . As discussed in more detail in Ref. [15] , the radiation mainly comprises three components, denoted as 1, 2 and 3 in the inset of Fig. 5 . Waves 1 and 2 are in the same direction and can interfere with each other. They are respectively caused by propagation of the guided wave from a high-index waveguide (the unetched microfiber, () H n ) to a low-index waveguide (the PhC microfiber with effective modal index, () L n ) and vice-versa. The field coupling coefficient between the incident guided wave and the radiated wave, , we obtain constructive (destructive) interference and radiation loss maximum (minimum) near N = 4(6). 
Conclusions
In conclusion, a PhC reflector with a fractional reflection bandwidth in excess of 10% and a device length of only a few wavelengths has been fabricated in a silica microfiber. The measured transmittance and reflectance spectra agree well with simulation when allowing for the complexities introduced by the inclined inner walls of the etched holes. We have quantified the radiation loss at the center of the stop band and explain its variation with the number of periods as due to interference. Although the loss at the center of the stop band is presently high (~30%), simulations suggest that this could be reduced by an order of magnitude if the fabrication process can be improved. By drilling holes through the core of a microfiber taper and adopting single-even-mode propagation condition, rather than the usual single-mode condition, we simultaneously obtain a strong photonic crystal effect and robust, freely-suspended operation which may inspire future applications in nano-photonics.
